U nderstanding the molecular mechanisms that regulate B lymphocyte homeostasis and tolerance is critical to defining normal B cell function and identifying alterations that lead to humoral autoimmune disease (1) (2) (3) . Cell surface receptors that modulate homeostatic and B cell Ag receptor (BCR) 4 mediated signals provide a context for normal B cell responses to foreign Ags, while preserving tolerance and preventing aberrant responses that lead to the production of self-reactive Abs (4) . Among these receptors is CD22, a B cell-restricted transmembrane glycoprotein that serves as a cell surface adhesion molecule through its extracellular Ig-like domains (5) (6) (7) (8) . B cells express CD22 as they mature in the bone marrow to acquire positive signaling responses via surface IgM (9) . Following IgM or CD22 ligation, conserved tyrosine residues within the CD22 cytoplasmic domain become phosphorylated at augmented levels (10 -12) , including tyrosines within consensus immunoreceptor tyrosinebased inhibition motifs (5, 8) . The net effect of CD22 phosphorylation at these sites is the recruitment of potent intracellular phosphatases and the negative regulation of IgM-induced signals (6, (13) (14) (15) . As a consequence, B cells from CD22 Ϫ/Ϫ mice exhibit exaggerated intracellular calcium responses following IgM ligation and have a high in vivo turnover rate, which results in reduced numbers of circulating B cells (16 -21) . Moreover, CD22 deficiency (CD22 Ϫ/Ϫ ) on either the C57BL/6 (B6) or BALB/c genetic backgrounds results in high-affinity, isotype-switched autoantibody production (22) .
The finding that tyrosine-phosphorylated CD22 recruits positive signaling molecules has suggested that CD22 may also carry out positive regulatory roles (8, (23) (24) (25) (26) . In addition, stimulation of splenic B cells from two lines of CD22 Ϫ/Ϫ mice generated on B6/129 mixed genetic backgrounds using optimal concentrations of F(abЈ) 2 anti-IgM Abs results in reduced B cell proliferation relative to wild-type B cells (18, 19) . To date, the apparently divergent negative and positive effects of CD22 deficiency on B cell signaling and proliferation following IgM ligation have remained unexplained. To address this issue further, we have examined CD22
Ϫ/Ϫ B cell function in greater detail following IgM ligation, including analysis of cell cycle regulatory proteins. We have found that the cell surface phenotype and response to IgM stimulation of B6 CD22
Ϫ/Ϫ B cells was remarkably different than for B cells from founder B6/129 CD22 Ϫ/Ϫ mice. B6 CD22 Ϫ/Ϫ B cells were much more refractory to IgM-induced proliferation, characterized by impaired lymphoblast development, augmented cell death, and a defect in induction of the c-Myc:Cullin 1 (CUL1) ubiquitin ligase pathway that is necessary for progression to the S phase of the cell cycle (27) . As such, these data expand our current understanding of the complex role CD22 plays in regulating B cell maturation, homeostasis, and Ag responsiveness, and defines CD22 as an important lymphocyte coreceptor that regulates the c-Myc:CUL1 ubiquitin ligase pathway.
Materials and Methods

Mice
B6/129 CD22 Ϫ/Ϫ mice were as described (19) , or were backcrossed at least eight times onto the B6 genetic background (B6 CD22 Ϫ/Ϫ ). Wild-type littermates of each genetic background served as controls. Mice were 8 -12 wk of age when used and were housed in a specific pathogen-free barrier facility. All studies and procedures were approved by the Duke University Animal Care and Use Committee (Durham, NC).
Abs and immunofluorescence analysis
Abs used in these studies included: F(abЈ) 2 of goat anti-mouse IgM Abs (Cappel; ICN Biomedicals, Costa Mesa, CA); FITC-, PE-, or biotin-conjugated Abs against mouse heat stable Ag (HSA; clone M1/69), B220 (clone RA3-6B2), CD5 (clone 53-7.3), CD23 (clone B3B4), and CD21 (clone 7G6) (BD PharMingen, San Diego, CA); FITC-conjugated I-A/I-E MHC class II (clone M5/114.15.2; TIB120; American Type Culture Collection, Manassas, VA); hamster IgM anti-mouse CD40 Abs (clone HM40-3, no azide/low endotoxin (NA/LE) format; BD PharMingen); PEconjugated rat anti-mouse IgD (clone [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] and FITC-conjugated polyclonal goat anti-mouse IgM (Southern Biotechnology Associates, Birmingham, AL); polyclonal rabbit antiserum reactive with phosphatidylinositol 3-kinase (PI 3-kinase) (Upstate Biotechnology, Lake Placid, NY); purified polyclonal rabbit Abs reactive with the phosphorylated and nonphosphorylated forms of Akt and Bad (New England Biolabs, Beverly, MA); purified rabbit polyclonal Abs reactive with Src homology 2 domain-containing phosphotyrosine phosphatase (SHP)-1 (Upstate Biotechnology, Lake Placid, NY); FITC-conjugated polyclonal goat anti-rabbit IgG (TAGO, Burlingame, CA); mouse mAb reactive with IB␣ phosphorylated at serine 32 (B-9; Santa Cruz Biotechnology, Santa Cruz, CA); rabbit polyclonal Abs reactive with c-Myc (C-19), CUL1 (H-213), ubiquitin (FL-76), extracellular signal-regulated kinase (ERK)2 (C-14), p27
Kip1 (C-19), and p21
Waf1 (C-19) (Santa Cruz Biotechnology); HRP-conjugated polyclonal goat anti-rabbit IgG and anti-mouse IgG secondary Abs (Jackson ImmunoResearch Laboratories, West Grove, PA). Streptavidin-CyChrome secondary reagent was from BD PharMingen.
Single cell suspensions of tissue leukocytes were stained at 4°C using predetermined optimal concentrations of each test Ab for 20 min as described (28) . Flow cytometry analysis was performed on a FACScan flow cytometer using the CellQuest program (BD Biosciences, San Jose, CA), as described (19) .
Proliferation and apoptosis in B cell cultures
Spleen B cells were purified (Ͼ94% B220 ϩ ) from single cell suspensions by removing T cells with anti-Thy1.2 Ab-coated magnetic beads (Dynal, Lake Success, NY). B cells were resuspended in RPMI 1640 culture medium containing 10% FCS, 10 mM HEPES, and 55 M 2-ME and cultured (2 ϫ 10 5 cells in 0.2 ml of medium/well) in triplicate in 96-well flat-bottom tissue culture plates at 37°C with 5% CO 2 in the presence of F(abЈ) 2 antiIgM Abs or anti-CD40 Abs for 72 h. Proliferation was assessed by adding [ 3 H]thymidine (1 Ci per well) during the final 16 h of culture, with scintillation counting of harvested cells. Alternatively, B cells were labeled with 2 M CFSE using a Vybrant CFDA SE Cell Tracer kit (Molecular Probes, Eugene, OR) prior to cell culture. After 72 h, the relative number of viable cells (from 2 ϫ 10 4 events recorded) and the level of CFSE staining was assessed by FACS. For assessment of lymphoblast development, B cells were cultured (3.75 ϫ 10 6 in 1.5 ml of medium/well) in 24-well tissue culture plates, followed by treatment with F(abЈ) 2 anti-IgM and/or anti-CD40 Abs. After 18 or 48 h, the cells were harvested, washed, and resuspended in PBS containing 5 g/ml propidium iodide (PI) (SigmaAldrich, St. Louis, MO). FACS analysis was used to evaluate cell size (forward scatter (FSC)) and viability (PI uptake). For assessment of apoptosis, purified splenic B cells were cultured as above in 24-well tissue culture plates with F(abЈ) 2 anti-mouse IgM (40 g/ml) or anti-CD40 (1 g/ml) Abs. After 18 and 48 h, the cells were harvested and assessed for apoptosis using an Annexin V FITC Apoptosis Detection kit (BD PharMingen) according to the manufacturer's instructions, with 7-aminoactinomycin D (7AAD) (BD PharMingen) substituted for PI to differentiate viable from nonviable cells, followed by FACS analysis.
Immunohistochemistry and TUNEL analysis
Mice were immunized i.p. with 100 g of 2,4-DNP-keyhole limpet hemocyanin (DNP-KLH; Calbiochem-Novabiochem, La Jolla, CA) in CFA (Sigma-Aldrich). At day 10, the spleens were harvested and frozen in OCT compound (Sakura Finetek, Torrance, CA). Cryostat-cut tissue sections were fixed in acetone for 5 min followed by detection of TUNEL ϩ cells using a MEBSTAIN apoptosis kit, with detection of biotin-dUTP-incorporated DNA fragments using a streptavidin-alkaline phosphatase secondary reagent (Southern Biotechnology Associates) and a Vector Blue alkaline phosphatase substrate kit (Vector Laboratories, Burlingame, CA). Tissue sections were subsequently counterstained with HRP-conjugated peanut agglutinin (PNA; Sigma-Aldrich) followed by detection using a DAB peroxidase substrate kit (Vector Laboratories). Sections were mounted and visualized using an Olympus IX-70 inverted microscope, with digital images captured using an Optronics MagnaFire digital imaging system.
PI 3-kinase activity
Purified splenic B cells (1.5 ϫ 10 7 per sample) were resuspended in 0.5 ml of culture medium in sterile 15-ml culture tubes. Following incubation for 5 min at 37°C, the cells were stimulated with F(abЈ) 2 anti-IgM Abs (40 g/ml). To stop the reactions, 13 ml of cold Dulbecco's PBS (DPBS) containing 400 M EDTA and 100 M Na orthovanadate were added to each tube at the appropriate times. The cells were pelleted and resuspended in lysis buffer containing 1% Nonidet P-40, 150 mM NaCl, 50 mM TrisHCl (pH 8.0), 1 mM Na orthovanadate, 2 mM EDTA, 50 mM NaF, and 1 mM PMSF. Lysates were precleared using 50 l of protein G-Sepharose beads (Amersham Pharmacia Biotech, Piscataway, NJ), and then immunoprecipitated with 3 l of anti-PI 3-kinase Abs for 2 h at 4°C followed by incubation with 50 l of protein G-Sepharose beads for 2 h at 4°C. The beads were washed twice with lysis buffer, twice in a buffer containing 100 mM Tris-HCl (pH 7.4), 5 mM LiCl, and 100 M Na orthovanadate, and twice in a buffer containing 10 mM Tris-HCl (pH 7.4), 150 mM NaCl, 5 mM EDTA, and 100 M Na orthovanadate. The washed beads were then resuspended in 50 l of the final wash buffer, plus 10 l of sonicated L-␣-phosphatidylinositol (10 mg/ml; Sigma-Aldrich), 10 l of MgCl 2 /ATP mixture (Upstate Biotechnology), and 1 l of [␥-32 P]ATP (10 Ci/l; ICN Biomedicals). The reactions were incubated at 25°C for 15 min before adding 20 l of 6N HCl and 160 l of a CHCl 3 :MeOH (1:1) solution. The samples were then vortexed, and spun for 5 min in a microcentrifuge. Fifteen microliters of the organic (lower) phase of each sample were then spotted onto silica gel thin-layer chromatography plates (Whatman, Clifton, NJ) that were pretreated with a 1% solution of potassium oxalate (Sigma-Aldrich). Plates were developed in a buffer containing 37.5% MeOH, 30% CHCl 3 , 22.5% pyridine, 1.5% formic acid, 0.04% ethoxyquin, 6% (w/v) boric acid (all from Sigma-Aldrich), and 0.2% (w/v) 2-tert-Butyl-4-methylphenol (Sigma-Aldrich). The plates were analyzed on a PhosphorImager (Molecular Dynamics, Sunnyvale, CA), with relative fluorescence intensities of the regions containing phosphorylated L-␣-phosphatidylinositol determined using NIH Image software (version 1.60).
Immunoblotting and intracellular Bad phosphorylation analyses
For immunoblot analyses, purified B cells were cultured in medium as above in sterile culture tubes (2 ϫ 10 7 /ml, 500 l/tube) or in 24-well tissue culture plates (3.75 ϫ 10 6 in 1.5 ml medium/well) and treated with F(abЈ) 2 anti-IgM Abs or anti-CD40 Abs alone or in combination at the indicated concentrations and times. In some experiments, the cells were preincubated for 30 min with 50 nM wortmannin (Sigma-Aldrich) or 15 M LY294002 (Sigma-Aldrich) prior to stimulation. The reactions were then stopped and the cells lysed as described above. Lysates were subjected to SDS-PAGE followed by electrophoretic transfer to nitrocellulose membranes and subsequent immunoblotting using Abs reactive with phospho-Akt, phosphoBad, phospho-IB␣, CUL1, ubiquitin, or c-Myc, followed by HRP-conjugated goat anti-rabbit or anti-mouse IgG secondary Abs. Immunoblots were developed using an ECL kit (Pierce, Rockford, IL). To verify equivalent total protein loading, the same blots were stripped and reprobed with Abs reactive with Akt, SHP-1, or ERK2.
For analysis of intracellular Bad phosphorylation, purified splenic B cells were stimulated with F(abЈ) 2 anti-IgM Abs (40 g/ml) at 37°C for 5 min, and the reactions stopped as described above. Cells (2.5 ϫ 10 6 /group) were pelleted and fixed in DPBS containing 4% formaldehyde for 20 min, washed in DPBS, and permeabilized in DPBS containing 0.15% Triton X-100 for 4 min and then blocked for 30 min with DPBS containing 1% FCS, all at room temperature (RT). The cells were incubated 30 min at RT in DPBS containing 1% FCS and a 1/200 dilution of phosphospecific Bad (S136) Abs, washed, and then incubated 30 min with a 1/400 dilution of FITC-conjugated goat anti-rabbit IgG Abs. The cells were spun onto glass slides using a CytoSpin (Shandon, Pittsburgh, PA), with coverslips mounted using Fluoromount-G (Southern Biotechnology Associates). Digital images were obtained using an Olympus IX-70 inverted microscope (Melville, NY) with an IX-FLA fluorescence attachment at ϫ600 magnification and a 4-s exposure time.
For analysis of p27 Kip1 and p21 Waf1 expression, nuclear extracts were prepared from 25 ϫ 10 6 B6 CD22 Ϫ/Ϫ and wild-type B cells stimulated with F(abЈ) 2 anti-IgM Abs or anti-CD40 Abs for 18 h. Briefly, the cells were lysed at 4°C in a buffer containing 0.4% Nonidet P-40, 10 mM Tris (pH 8.0), 10 mM KCl, 1.5 mM MgCl 2 , 0.5 mM DTT and protease inhibitors for 20 min with occasional vortexing. The nuclei were pelleted, washed in lysis buffer, and rapidly resuspended in one cell pellet volume of low salt buffer (20 mM Tris (pH 8.0), 25% glycerol, 1.5 mM MgCl 2 , 0.2 mM EDTA, 20 mM KCl, 0.5 mM DTT, and protease inhibitors), followed by two pellet volumes of high salt buffer (low salt buffer containing 0.6 M KCl), with frequent vortexing over a 20-min period. The extracts were then analyzed for relative protein concentration using a Bio-Rad protein assay kit (Hercules, CA) and by Coomassie Brilliant Blue staining of SDS-PAGE-separated nuclear proteins. Immunobloting analyses were then performed on equivalent total concentrations of nuclear proteins after separation by SDS-PAGE and transfer to nitrocellulose.
cDNA gene arrays
Purified splenic B cells (3.75 ϫ 10 6 in 1.5 ml medium/well) were cultured in 24-well tissue culture plates at 37°C with 5% CO 2 . The cells were stimulated with F(abЈ) 2 anti-IgM or anti-CD40 Abs for 18 h as described above. Total RNA from 1 ϫ 10 7 B cells was isolated from harvested cells using a RNeasy kit (Qiagen, Valencia, CA). RNA (2.5 g) was then subjected to cDNA synthesis and gene array hybridization using GEArray Q Series mouse radioactive cDNA expression array kits specific for genes in the cell cycle pathway (SuperArray, Bethesda, MD) according to the manufacturer's instructions. Reagents used for cDNA synthesis not provided in the kits included [␣-
32 P]dCTP (ICN Biomedicals) and SuperScript II reverse transcriptase (Invitrogen, Carlsbad, CA). Radioactivity on the arrays was detected using a phosphorimager.
Statistical analysis
All data are shown as mean values Ϯ SEM unless stated otherwise. The Student t test was used to determine the level of significance in differences between sample means.
Results
Highly impaired IgM-induced proliferation of B6 CD22
Ϫ/Ϫ B cells
B cells from founder B6/129 CD22
Ϫ/Ϫ mice generated in our laboratory exhibited significant, but moderate, reductions in their ability to proliferate in response to IgM ligation (10 -70% decrease, Fig. 1 ), as previously described (19) . However, when the CD22 deficiency was backcrossed onto a B6 genetic background for eight generations, the defect in IgM-induced proliferation became severe over a range of anti-IgM Ab concentrations (90 -99% decrease, Fig. 1 ). The failure of B6 CD22 Ϫ/Ϫ B cells to respond to anti-IgM Abs did not result from a general inability to proliferate, as both B6 CD22
Ϫ/Ϫ and B6/129 CD22 Ϫ/Ϫ B cells were hyperresponsive to CD40-induced proliferation compared to B cells from their wild-type littermates (100 -400% increase, Fig. 1 ).
Thus, CD22
Ϫ/Ϫ B cell proliferation following IgM engagement was more highly impaired in the context of a B6 genetic background, while augmented CD40-induced proliferation was not influenced by genetic background.
Consistent with the failure of B6 CD22 Ϫ/Ϫ B cells to incorporate [ 3 H]thymidine, analysis of clonal expansion by CFSE-labeling revealed that B6 CD22 Ϫ/Ϫ B cells failed to undergo significant rounds of clonal expansion following IgM ligation ( Fig. 2A) (Fig. 2B) . The progression of small, resting B cells into lymphoblasts was assessed based on increased FSC as a measure of cell size, with cell death visualized by PI uptake. Compared with wild-type B cells, there was a dramatic reduction of lymphoblasts in CD22
Ϫ/Ϫ B cell cultures after IgM ligation (8 Ϯ 1% CD22 Ϫ/Ϫ vs 34 Ϯ 3% wild-type; p Ͻ 0.01, n ϭ 4, Fig. 2B ). Importantly, early lymphoblast formation after IgM ligation (18 h) was similar between B6 CD22 Ϫ/Ϫ and wildtype B cell cultures, but the frequency of lymphoblasts in CD22 Ϫ/Ϫ cultures did not increase further after 48 h of stimulation (Fig. 2C) . Moreover, lymphoblast generation was broadly deficient in CD22
Ϫ/Ϫ B cell cultures stimulated with graded concentrations of F(abЈ) 2 anti-IgM Abs, while wild-type B cells responded to anti-IgM Ab concentrations of 15-40 g/ml (Fig. 2D ). By contrast, CD40 ligation or IgM plus CD40 ligation resulted in lymphoblast generation in both CD22
Ϫ/Ϫ and wild-type cultures (Fig.  2B ). As such, B6 CD22
Ϫ/Ϫ B cells may be predisposed to undergo apoptosis following IgM engagement unless costimulatory signals are provided by CD40 ligation.
Augmented IgM-induced apoptosis of B6 CD22
To determine whether impaired IgM-induced proliferation and lymphoblast development in B6 CD22 Ϫ/Ϫ B cell cultures correlated with augmented programmed cell death, the rate of IgMinduced apoptosis in B6 CD22
Ϫ/Ϫ B cell cultures was assessed. Annexin V and 7AAD staining of cultured B cells followed by FACS analysis was used to differentiate between annexin V ϩ / 7AAD ϩ (apoptotic, nonviable), annexin V ϩ /7AAD Ϫ (apoptotic, viable) and annexin V Ϫ /7AAD ϩ (necrotic) cells. After 18 h of culture, the percentages of B cells present within gated regions representing the above populations was similar between B6 
CD22
Ϫ/Ϫ and wild-type B cell cultures (Fig. 3A) . However, after 48 h of culture, there was a dramatic increase in the frequency of annexin V ϩ /7AAD ϩ (apoptotic, nonviable) B cells in anti-IgMstimulated CD22
Ϫ/Ϫ B cell cultures compared to wild-type cultures. The percentage of annexin V ϩ /7AAD Ϫ (apoptotic, viable) cells was similar between genotypes at this time point, suggesting that the transition time from this stage to the annexin V ϩ /7AAD ϩ stage is rapid in primary B cells. By contrast, CD22 Ϫ/Ϫ or wildtype B cells treated with anti-CD40 Abs were mostly rescued from apoptosis (Fig. 3A) . Thus, B6 CD22 Ϫ/Ϫ B cells were either induced to undergo apoptosis or did not receive appropriate survival signals following IgM ligation.
Spleen B cells in the CD22 Ϫ/Ϫ mice used for these studies had a high spontaneous turnover rate in vivo (data not shown), as described previously for other lines of CD22 Ϫ/Ϫ mice (16, 18) . However, that CD40 ligation rescued B6 CD22 Ϫ/Ϫ B cells from apoptosis in vitro (Fig. 3A) suggested that germinal center development may proceed normally in B6 CD22
Ϫ/Ϫ mice immunized with a T cell-dependent Ag. Therefore, the location of apoptotic cells in the spleens of B6 CD22 Ϫ/Ϫ mice was analyzed during an immune response to the T-dependent Ag, DNP-KLH.
Spleen lymphoid follicles in B6 CD22
Ϫ/Ϫ mice contained a markedly higher level of TUNEL ϩ cells compared to follicles in wildtype littermate mice (Fig. 3B) , including a prominent ring of apoptotic cells at the follicle periphery that likely represents the marginal zone (MZ), a region that is reduced in CD22 Ϫ/Ϫ mice (29) . Despite this, overall follicle size and frequency was similar between CD22
Ϫ/Ϫ and wild-type littermates, and there were no obvious differences in germinal center size or in the frequency of TUNEL ϩ cells within germinal centers (Fig. 3B and data not  shown) . In addition, although the frequency of germinal centers was significantly reduced in naive B6 CD22
Ϫ/Ϫ mice, germinal center frequency was augmented following immunization to levels equivalent to that of wild-type mice (Fig. 3C) . Therefore, although the frequency of apoptotic cells was augmented in lymphoid follicles of B6 CD22 Ϫ/Ϫ mice, germinal center development was not impaired.
B6 CD22 Ϫ/Ϫ B cells have a complex cell surface phenotype
IgM-induced apoptosis is a hallmark of both immature B cells and peritoneal B-1 (CD5 ϩ ) B cells (30 -33) . CD5 expression by anergic B cells correlates with their lack of IgM-induced proliferation (34) , while a loss of CD5 expression restores IgM-induced proliferation in both B-1 and anergic B cells (30, 34) . Therefore, the cell surface phenotype of splenic B6 CD22 Ϫ/Ϫ B cells was assessed to determine whether they share phenotypic properties with immature or anergic B cells. Uniquely, splenic B cells from B6 CD22 Ϫ/Ϫ mice expressed uniformly high levels of HSA, decreased levels of IgD and CD21, and were predominantly CD5 ϩ , in contrast with the majority of splenic B cells from B6/129 CD22 Ϫ/Ϫ mice and wild-type littermate mice of each genetic background (Fig. 4A) . Ϫ/Ϫ mice exhibited decreased IgM and increased MHC class II levels, as previously reported (16, 18, 19) .
Because B6 CD22 Ϫ/Ϫ B cells exhibited augmented HSA expression, a detailed analysis of mature and transitional B cell populations was performed, as described previously (35 (Fig. 4B ). An additional analysis of 
T1 cells, CD21
Ϫ /IgD Ϫ /IgM high , confirmed a similar percentage of this population between B6 CD22 Ϫ/Ϫ and wild-type mice (data not shown). Thus, B6 CD22 Ϫ/Ϫ B cells uniquely expressed cell surface markers associated with anergic/chronically stimulated B cells, without any disruption in the percentages of mature and transitional B cell populations.
Decreased numbers of circulating B cells is another hallmark of CD22
Ϫ/Ϫ mice, although spleen B cell numbers are normal (16, 18, 19) . This reduction was shared by B6 CD22 Ϫ/Ϫ and B6/129 CD22 Ϫ/Ϫ mice, relative to their wild-type littermates, although the difference was more pronounced on the B6 genetic background (Fig. 4C) . Nevertheless, numbers of spleen B220 ϩ B cells were similar between both B6 CD22 Ϫ/Ϫ and B6/129 CD22 Ϫ/Ϫ mice and their wild-type littermates (Fig. 4C) .
Intact PI 3-kinase and Akt activation in B6 CD22
Ϫ/Ϫ B cells PI 3-kinase activity is required for B cells to develop into large lymphoblasts and proliferate following IgM ligation (36, 37) , and tyrosine-phosphorylated CD22 recruits PI 3-kinase (25, 38) . Therefore, we assessed whether impaired PI 3-kinase activity in B6 CD22 Ϫ/Ϫ B cells was a potential cause for their failure to undergo IgM-induced proliferation. PI 3-kinase activity during in vitro kinase assays was similar between resting B cells from
CD22
Ϫ/Ϫ and wild-type littermates, and increased at similar levels following IgM ligation (Fig. 5A) , indicating that PI 3-kinase activity was intact in B6 CD22 Ϫ/Ϫ B cells. A major downstream target of PI 3-kinase is the serine/threonine kinase Akt, which promotes cell survival (39, 40) and is activated following IgM ligation (41) . PI 3-kinase-dependent phosphorylation of Akt on the regulatory amino acids threonine 308 (T308) and serine 473 (S473) results in its full activation (42) . Surprisingly, Akt phosphorylation at T308 and S473 was constitutively higher in B6 CD22 Ϫ/Ϫ B cells compared to wild-type B cells, as well as following IgM ligation (Fig. 5B) .
Akt activation leads to phosphorylation of the Bcl-2 family member Bad, and the cytoplasmic inhibitor of NF-B, IB␣. Phosphorylation of Bad by Akt at either serine 136 (S136) or serine 112 (S112) promotes cell survival by reducing its inhibition of the antiapoptotic proteins Bcl-x L and Bcl-2 (43-45). As was observed for Akt activity, Bad was phosphorylated at higher levels in B6 CD22 Ϫ/Ϫ B cells on both S112 and S136 compared to wild-type cells prior to and following IgM ligation (Fig. 5B) . Intracellular staining of resting and activated B cells with phosphospecific S136 Abs also revealed a greater staining intensity of Bad by the majority of B6 CD22 Ϫ/Ϫ B cells (Fig. 5C ), suggesting that Bad hyperphosphorylation was not restricted to a subset of CD22 Ϫ/Ϫ B Ϫ/Ϫ and wild-type littermate mice were cultured with F(abЈ) 2 anti-IgM Abs (40 g/ml) or anti-CD40 Abs (1 g/ml). After 18 and 48 h, the cells were harvested and apoptotic cells were identified by annexin V and 7AAD staining followed by FACS analysis. B, Apoptosis within lymphoid follicles of CD22 Ϫ/Ϫ mice. B6 CD22 Ϫ/Ϫ and wild-type littermate mice were immunized i.p. with DNP-KLH. Ten days later, apoptotic cell death was identified by TUNEL staining of spleen sections, with apoptotic cells indicated by blue color. Spleen sections were counterstained with PNA (brown color) to identify secondary follicles. Enlarged regions indicated by squares show the presence of pyknotic nuclei (arrowheads). As a control for TUNEL staining, a CD22 Ϫ/Ϫ spleen section was subjected to the TUNEL procedure without TdT added, followed by PNA staining. Results represent spleen sections from three mice of each genotype producing similar results. C, Germinal center (GC)-to-follicle ratios in naive B6 CD22
Ϫ/Ϫ and wildtype mice and mice immunized with DNP-KLH as in B. Values represent mean (ϮSEM) GC-to-follicle ratio in three to four mice of each genotype. ‫,ء‬ Significant differences between sample means, p Ͻ 0.05.
cells. Thus, IgM-induced Akt phosphorylation and activity were not impaired in CD22
Ϫ/Ϫ B cells. The transcription factor NF-B is activated following IgM ligation (46) , and NF-B transcriptional activity has been linked with protection of cells from apoptotic stimuli (47, 48) . Active Akt phosphorylates and activates IB-kinase ␣ (49), a component of a kinase complex that in turn phosphorylates IB␣ at serine 32 (S32) and serine 36 (S36). These phosphorylation events initiate IB␣ ubiquitination and degradation, resulting in the release of active NF-B. In B6 CD22
Ϫ/Ϫ B cells, IB␣ was phosphorylated at higher levels before and following IgM ligation compared to wildtype cells (Fig. 5D) . Enhanced IgM-induced Akt, IB␣, and Bad phosphorylation in B6 CD22 Ϫ/Ϫ B cells was a PI 3-kinase-dependent process, as confirmed by pretreatment with wortmannin or LY294002, which reduced Akt, IB␣, and Bad phosphorylation to levels found in unstimulated B cells (Fig. 5E) . Collectively, these results suggest that CD22 expression normally suppresses Akt activation and phosphorylation of its downstream targets. Also, as CD22 deficiency did not disrupt activation of the PI 3-kinase/Akt pathway, it is likely that the inability of B6 CD22 Ϫ/Ϫ B cells to develop into lymphoblasts and proliferate results from alterations in survival or proliferation signals that are further downstream during IgM signal transduction.
Impaired induction of c-Myc and CUL1 ubiquitin ligase complex protein in B6 CD22
Because the percentage of B cells that developed into early lymphoblasts was similar between B6 CD22 Ϫ/Ϫ and wild-type B cell cultures (18 h after IgM ligation, Fig. 2C ), the high level of cell death observed in 48-h cultures was likely to reflect incomplete cell cycle progression, rather than early IgM signaling defects. To identify such defects in B6 CD22
Ϫ/Ϫ B cells, cDNA arrays for cell cycle-regulated genes were used. In these assays, B cells were cultured with F(abЈ) 2 anti-IgM Abs for 18 h to ensure that both CD22
Ϫ/Ϫ and wild-type B cells were at similar levels of viability when cellular RNA was isolated. Of the cell cycle regulatory genes observed to be expressed following IgM ligation, there was a severe deficit in transcripts for the ubiquitin ligase complex protein CUL1 in B6 CD22 Ϫ/Ϫ B cells (Fig. 6A) . Likewise, IgM ligation did not induce CUL1 protein expression above basal levels in B6 CD22 Ϫ/Ϫ B cells, while CUL1 protein was induced in wild-type B cells (Fig. 6B) . The lack of augmented CUL1 expression in B6 CD22 Ϫ/Ϫ B cells following IgM ligation also correlated with impaired ubiquitination of cellular proteins, especially in the range of ϳ28 -50 kDa (Fig. 6B) . However, CD40 coligation or ligation alone completely restored CUL1 expression and total protein ubiquitination to wild-type levels in B6 CD22 Ϫ/Ϫ B cells (Fig. 6B ). Gene array analysis also confirmed normal CUL1 transcript expression following CD40 ligation in B6 CD22 Ϫ/Ϫ B cells (data not shown). Thus, IgM-ligation failed to induce CUL1 transcripts or protein in B6 CD22 Ϫ/Ϫ B cells, while CD40 ligation induced CUL1 expression.
CUL1 expression relies on c-Myc transcriptional activity (27) . Therefore, c-Myc expression was examined in CD22 Ϫ/Ϫ B cells following IgM ligation. Strikingly, c-Myc was expressed more transiently and at much lower levels in B6 CD22 Ϫ/Ϫ B cells following IgM ligation compared with wild-type B cells, with undetectable increases above baseline at 18 h (Fig. 6C) . c-Myc expression in a whole cell lysate of purified B cells from a mouse that constitutively overexpresses c-Myc protein (50) is shown as a positive control. In addition, CD40 coligation or ligation alone induced c-Myc protein expression at similar, high levels in both B6 CD22 Ϫ/Ϫ and wild-type B cells after 18 h of stimulation (Fig. 6D) . Both CUL1 and c-Myc were expressed in B6/129 CD22 Ϫ/Ϫ B cells at levels similar to wild-type B cells following IgM ligation alone (Fig. 6, E and F) , which correlated with their near-normal proliferation (Fig. 1) . Therefore, impaired c-Myc induction following IgM ligation in B6 CD22 Ϫ/Ϫ B cells directly correlates with defective CUL1 expression and protein ubiquitination.
Cell cycle inhibitory proteins such as the cyclin-dependent kinase inhibitors p27
Kip1 and p21 Waf1 are targeted for ubiquitination and subsequent degradation as a result of CUL1 expression in other cell systems (27, 51, 52) . Therefore, we examined whether Kip1 or p21 Waf1 . Remarkably, protein levels of both p27
Kip1 and p21 Waf1 were reduced in wild-type B cells following IgM ligation alone, while their reduction in B6 CD22 Ϫ/Ϫ B cells was impaired (Fig. 6G) . However, CD40 costimulation reduced p27
Kip1 expression modestly and Ϫ/Ϫ or wild-type splenic B cells were stimulated with F(abЈ) 2 anti-IgM Abs (40 g/ml) for the times indicated and detergent lysed. Cellular proteins were separated by SDS-PAGE, transferred to nitrocellulose membranes, and immunoblotted using Abs reactive with phosphorylated Akt or Bad. To verify equal amounts of protein in each lane, the same blots were stripped and reprobed with anti-Akt Abs. Bar graphs indicate relative band intensities from four independent immunoblotting experiments. Values represent mean (ϮSEM) optical densities. ‫,ء‬ Significant differences between mean values, p Ͻ 0.01. C, Immunofluorescence analysis of Bad phosphorylation. Purified B6 CD22
Ϫ/Ϫ or wild-type splenic B cells were stimulated with F(abЈ) 2 anti-IgM Abs (40 g/ml), fixed onto glass slides, permeabilized, and stained with anti-phospho-Bad (S136) Abs. D, IB␣ phosphorylation. B6 CD22 Ϫ/Ϫ or wild-type splenic B cells were stimulated as in B, with immunoblot analyses performed using Abs specific for IB␣ phosphorylated at S32. Membranes were then stripped and reprobed with anti-SHP-1 Abs. Relative band intensities of phosphorylated IB␣ were determined, and values represent mean (ϮSEM) optical densities from four experiments. ‫,ء‬ Significant differences between mean values, p Ͻ 0.01. E, PI 3-kinase inhibitors reduce IgM-mediated Akt, Bad, and IB␣ phosphorylation in B6 CD22 Ϫ/Ϫ B cells. Splenic B6 CD22 Ϫ/Ϫ B cells were cultured untreated or were preincubated for 30 min with wortmannin or LY294002 and then stimulated with F(abЈ) 2 anti-IgM Abs (40 g/ml) for 5 min. Immunoblot analysis was then performed on cell lysates using Abs specific for phosphorylated Akt (T308), IB␣ (S32), or Bad (S136). The Akt portion of the blot was reprobed with anti-Akt Abs to verify equivalent protein loading.
p21
Waf1 expression to nearly undetectable levels in B6 CD22
Ϫ/Ϫ B cells, correlating with the ability of CD40 to rescue their proliferative capacity (Figs. 1 and 2 ).
Discussion
The current study defines CD22 as a critical regulator of B cell proliferation, survival, phenotype, and the expression of essential cell cycle regulatory genes, especially in the context of a B6 genetic background. B6 CD22 Ϫ/Ϫ B cells were highly refractory to IgM-induced proliferation as indicated by their inability to generate lymphoblasts (Fig. 2, B-D) and clonally expand (Figs. 1 and  2A) . CD22 deficiency also resulted in enhanced B cell apoptosis in vitro and in vivo (Fig. 3) . The proliferative defect and augmented apoptosis of B6 CD22 Ϫ/Ϫ B cells did not result from the failure of IgM to generate positive transmembrane signals (Fig. 5) . Likewise, B6 CD22
Ϫ/Ϫ B cells were not absolutely programmed to undergo apoptosis following activation, as CD40 engagement induced augmented proliferation and clonal expansion of both B6 CD22 Ϫ/Ϫ and B6/129 CD22 Ϫ/Ϫ B cells ( Figs. 1 and 2) . Also, germinal center formation was normal in B6 CD22 Ϫ/Ϫ mice following Ag challenge (Fig. 3, B and C) . Rather, the proliferative defect and augmented apoptosis of B6 CD22 Ϫ/Ϫ B cells following IgM ligation correlated with their unique cell surface phenotype (Fig. 4A ) and defective induction of the c-Myc:CUL1 ubiquitin ligase pathway (Fig. 6) . These findings support the previous concept by us and others that CD22 expression influences multiple B cell signaling 2 Abs or anti-CD40 Abs as described above. Equivalent total protein concentrations of nuclear extracts were separated by SDS-PAGE, followed by immunoblotting analyses for p27 Kip1 and p21 Waf1 expression. Results represent one of two independent experiments producing similar results.
pathways, likely through the regulation of both negative and positive effector molecules (8, 15, 25, 26, 38, 53) . B cells from B6 CD22 Ϫ/Ϫ mice uniquely expressed high levels of HSA along with low IgD and CD21 levels (Fig. 4A) , all characteristics of immature/transitional B cells (54) . It is well-established that BCR engagement on immature B cells results in death by apoptosis (31) . The prevalence of B cells with an immature/ transitional phenotype in B6 CD22 Ϫ/Ϫ mice could result as a consequence of rapid B cell turnover, as indicated by their increased rate of apoptosis in vivo (Fig. 3B) . However, B6/129 CD22 Ϫ/Ϫ B cells also had high turnover rate in vivo (data not shown), as in another line of B6/129 CD22 Ϫ/Ϫ mice (18), yet did not share these phenotypic characteristics of B6 CD22 Ϫ/Ϫ B cells (Fig. 4A) . In addition, a detailed analysis of B cell subsets in B6 CD22 Ϫ/Ϫ mice revealed similar percentages of mature, T2, and T1 B cells to those found in wild-type mice (Fig. 4B) , indicating that the distribution of these subsets is not perturbed. B6 CD22 Ϫ/Ϫ B cells also uniquely expressed intermediate levels of CD5 (Fig. 4A) , indicative of chronically activated and/or tolerized B cells (34) . A similar shift to a CD5 ϩ B-1-like phenotype is found in B cells expressing an Ig transgene specific for Sm, an autoantigen frequently involved in systemic lupus erythematosus (55 Ϫ/Ϫ mice used in these studies exhibit normal ERK activation (15), CD19 phosphorylation (data not shown), and PI 3-kinase activity (Fig. 5A ). In addition, the activation of Akt, which is downstream of PI 3-kinase signaling, was augmented in B6 CD22 Ϫ/Ϫ B cells, both basally and following IgM ligation (Fig.  5B) . Importantly, enhanced Akt activation correlated with Bad and IB␣ hyperphosphorylation (Fig. 5, B-D) , two events that normally correlate with augmented cell survival (43) (44) (45) (47) (48) (49) . Thus, defective proliferation and survival of B6 CD22
Ϫ/Ϫ B cells may result from impaired signaling events that are independent of these signaling pathways. Alternatively, heightened baseline and IgM-induced activation of Akt in B6 CD22
Ϫ/Ϫ B cells may alter the kinetics and/or intensity of downstream signaling events critical to sustaining lymphoblast development and promoting cell cycle progression. In support of this, we have previously shown that B cells from this line of B6 CD22 Ϫ/Ϫ mice are defective in c-jun N-terminal kinase (JNK) activation following IgM ligation (15) , an event that has been suggested by others to possibly reflect a desensitization mechanism resulting from moderately augmented basal JNK activation levels (53) . Likewise, IgM ligation does not induce JNK activation in chronically activated (self-reactive/tolerant) B cells in the anti-hen egg lysozyme transgenic mouse model of B cell tolerance (46) . Thus, CD22 deficiency on a B6 genetic background may alter the proliferative potential of B cells through pathways that are also exercised by self-reactive B cells.
That B6 CD22 Ϫ/Ϫ B cells failed to clonally expand and predominantly underwent IgM-induced death suggested impaired cell cycle progression, consistent with the observation that early survival and lymphoblast development (18 h following IgM ligation) were not impaired in B6 CD22
Ϫ/Ϫ B cell cultures (Fig. 2C and data not shown). Supporting this hypothesis, analysis of cell cycle regulatory genes revealed defective induction of the c-Myc:CUL1 ubiquitin ligase pathway. CUL1 mRNA and protein expression did not increase following IgM ligation on B6 CD22 Ϫ/Ϫ B cells, which corresponded to impaired ubiquitination of cellular proteins (Fig. 6, A and B) . Activation of the c-Myc:CUL1 ubiquitin ligase pathway is necessary for progression from G 1 to S phase of the cell cycle (27) . CUL1 is a member of the Cullin family of scaffolding proteins and forms complexes with Skp1 and F-box proteins to form a ternary Skp1-Cullin-F-box (SCF) protein complex (58 -60) . SCF and SCF-like complexes comprise the largest family of ubiquitin ligases, and regulate the degradation of negative regulatory proteins that maintain cellular senescence, such as the cyclindependent kinase inhibitors p27
Kip1 and p21 Waf1 , allowing entry into the S phase of the cell cycle (27, 61, 62) . Importantly, neither p27
Kip1 nor p21 Waf1 expression decreased in B6 CD22 Ϫ/Ϫ B cells following IgM ligation alone, although expression of both molecules decreased in wild-type B cells (Fig. 6G) . In addition, these proteins were reduced in B6 CD22
Ϫ/Ϫ B cells following costimulation with CD40, correlating with CD40 rescue of proliferation and CUL1 expression in these cells ( Figs. 1 and 2 ). Nevertheless, multiple other molecules may also be targeted by the CUL1 ubiquitin ligase pathway (62, 63) , and thus it cannot be ruled out that more complex processes are also involved in CD22 regulation of B cell function via CUL1.
CUL1 expression relies on c-Myc transcriptional activity, and c-Myc-induced CUL1 expression allows exit from the G 1 phase of the cell cycle by promoting SCF complex formation (27) . The intensity of c-Myc induction following IgM ligation was markedly impaired in B6 CD22 Ϫ/Ϫ B cells compared to wild-type B cells, especially at latter time points (18 h), where c-Myc protein levels were not increased above that of resting cells (Fig. 6, C and D) . By contrast, reflecting their near-normal capacity to proliferate at optimal concentrations of F(abЈ) 2 anti-IgM Abs, B6/129 CD22 Ϫ/Ϫ B cells expressed c-Myc and CUL1 at levels similar to wild-type B cells following IgM ligation alone (Fig. 6, E and F) .
Induction of c-Myc expression following IgM ligation on B cells has been reported to require PI 3-kinase activity (37) . However, the fact that PI 3-kinase itself was activated in B6 CD22 Ϫ B cells at levels similar to wild-type B cells (Fig. 5A) suggests that a more complex process is involved. Nevertheless, the transient, low-level activation of c-Myc in B6 CD22 Ϫ/Ϫ B cells following IgM stimulation (Fig. 6C) provides a mechanism by which these cells may initially begin to increase in size and enter the cell cycle (Fig. 2C) , but fail to complete the cell cycle and undergo apoptosis as c-Myc levels wane prematurely.
Defective induction of the c-Myc:CUL1 ubiquitin ligase pathway was unique to IgM-ligation, because CD40 ligation alone or in combination with IgM ligation induced c-Myc and CUL1 expression, protein ubiquitination, and p27
Kip1 /p21 Waf1 degradation in B6 CD22 Ϫ/Ϫ B cells (Fig. 6) . Accordingly, CD40 ligation completely restored IgM-induced lymphoblast development and proliferation in B6 CD22
Ϫ/Ϫ B cell cultures ( Figs. 1 and 2 ). An in vivo role for CD40-mediated rescue of CD22 Ϫ/Ϫ B cells is supported by the observation that germinal center formation was not impaired in B6 CD22 Ϫ/Ϫ mice following immunization with DNP-KLH (Fig. 3, B and C) . These results are also consistent with CD40 engagement rescuing both immature/transitional and chronically activated B cells from BCR-induced cell death (64, 65) , by maintaining c-Myc RNA levels (66, 67) . Notably, the clonal expansion of B cells following CD40 ligation alone was significantly more robust for both B6 and B6/129 CD22 Ϫ/Ϫ B cells than wild-type B cells (Figs. 1 and 2A) . Thus, an additional function of CD22 may be to suppress the activation of B cells through CD40 in the absence of Ag stimulation. In this case, CD22 expression may prevent the inappropriate activation of B cells that are not specific for Ag during ongoing T cell-dependent immune responses in which CD4 ϩ helper T cells express CD154, the ligand for CD40. Because CD22 Ϫ/Ϫ mice generate normal secondary Ab responses (16, 18, 19) , isotype-switched (memory) B cells may bypass the need for CD22 expression and rapidly induce c-Myc and CUL1 expression following BCR ligation to more quickly undergo cell division within germinal centers and during recall immune responses. In support of this hypothesis, IgG-expressing B cell lines primarily bypass the CD22-regulatory pathway (68) . Together, these data define CD22 and CD40 as the first examples of lymphocyte coreceptors that regulate the c-Myc:CUL1 ubiquitin ligase pathway, which is essential for cellular proliferation.
In summary, the current study reveals that background genes significantly influence the impact of CD22 deficiency on B cell proliferative capacity and cell surface phenotype. The B6/129 mixed genetic background provided proliferative signals that largely compensated for CD22 deficiency, while these signals were mostly absent in the B6 background ( Figs. 1 and 2 ). As such, the differential requirement for CD22 expression in different genetic backgrounds further confirms that lymphocyte coreceptor functions are often dictated by the microenvironment or context in which they are expressed (4). Importantly, progeny from crosses of this line of B6 CD22
Ϫ/Ϫ mice with other mouse lines with B6 genetic backgrounds for additional generations retained the B cell proliferative defect and unique phenotypic characteristics (data not shown), arguing against spontaneous mutations in other genetic loci as the molecular basis for these properties. The impact of the deficiency of other cell surface molecules important in the regulation of B cell function and survival, such as Fas, are also profoundly influenced by genetic background (69, 70) . Similarly, genes linked to the Cd20 locus can influence B cell development (71) . Finally, that CD22 function is significantly influenced by background genes in mice suggests that CD22 functional defects in humans may induce more dramatic effects in some individuals than in others regarding altered B cell function and tolerance.
